INTRODUCTION

7
phytoglycogen. ISA activity presumably is provided in endosperm of these mutants by a 120 homomultimeric enzyme containing only ISA1. 121
The reason why ISA2 is strictly conserved in the Chloroplastida is not understood yet. Two 122 explanations can be considered. One possibility is that the inherent structure of ISA1 in cereals, 123
resulting from mutations accumulated specifically in this evolutionary lineage, allows it to act 124 without ISA2. Another possibility is that metabolic differences in specific tissues, e.g., leaf 125 versus endosperm, require specialized enzymatic properties of ISA1/ISA2 heteromer that ISA1 126 by itself does not provide. To test these hypotheses, this study combined maize and Arabidopsis 127 ISA1 and ISA2 isoforms both in vitro and in vivo. Maize ISA1 was found to be active without 128 any ISA2 protein, either in vitro or in Arabidopsis leaves, whereas Arabidopsis ISA1 required an 129 ISA2 partner in all instances. Thus, ISA1 appears to have evolved in the cereal lineage so that it 130 no longer requires ISA2 for enzymatic activity or metabolic function in generation of starch and 131 suppression of phytoglycogen accumulation. 132 Supplemental Figure S1 . 148 Recombinant ISAs were expressed singly in E. coli, or co-expressed, and collected from 149 soluble extracts by affinity to Ni 2+ -NTA agarose. The purity of the fractions was assessed by 150 separation in SDS-PAGE followed by Coomassie blue staining or immunoblot analysis using 151 affinity-purified rabbit IgG from sera raised against peptide fragments of maize ISA1 or ISA2 152 (Kubo et al., 2010) . ZmISA1 was obtained essentially pure, whereas ZmISA2 co-eluted from the 153 affinity matrix with several other proteins and was present in the purified fraction in low 154 abundance to the extent that it could be detected only by immunoblot ( Figure 1A ) or by loading 155 large amounts for SDS-PAGE ( Figure 1B ). When ZmISA2 was co-expressed together with 156 ZmISA1, however, the two proteins were present in apparently equal abundance ( Figure 1A) . 157
RESULTS
133
Expression and Purification of Recombinant
ZmISA1 and ZmISA2 must co-purify in a complex because the affinity tag is present only on the 158 latter. These data indicate that ZmISA1 and ZmISA2 assemble into a complex and also that 159
ZmISA2 is unstable in E. coli extracts unless it is present in that complex. 160
AtISA1 and AtISA2 behaved differently than the maize proteins during purification from E. 161 coli. Singly expressed AtISA1 and AtISA2 co-purified with the same set of contaminant proteins 162 (Coomassie stained gel; Figure 1C ), and were present in approximately the same abundance in 163 the affinity-purified fraction ( Figure 1C ). Since the antibody raised against the ZmISA1 protein 164 cross-reacts with AtISA1, we were able to detect this protein in the purified E. coli soluble 165 extract ( Figure 1C) . 166
Enzymatic Activities of Recombinant ISAs 167
The activities of recombinant ISAs were compared in zymograms, initially using total 168 soluble E. coli extracts. Constant amounts of total protein were separated by native-PAGE in a 169 gel impregnated with 0.3% β-limit dextrin (final concentration). After incubation in 170 physiological buffer the gel was stained with iodine-potassium iodide solution (I 2 /KI) so that 171 changes in color of the glucan-iodine complex revealed the presence of ISA and other β-limit 172 dextrin-modifying enzymes ( Figure 2A ). No exogenous activity was observed in extracts 173 containing AtISA2 or ZmISA2 expressed singly, as expected considering that ISA2 proteins lack 174 conserved catalytic residues. Singly expressed AtISA1 and ZmISA1 behaved differently in this 175 assay. Whereas no exogenous activity was found in the AtISA1 lysate, at least three bands of β-176 limit dextrin-modifying activity were observed with the ZmISA1 lysate. Co-expression of 177 9 AtISA1/AtISA2, in contrast, yielded two clearly discernable activity bands (Figure 2A , green 178 arrows). In the ZmISA1/ZmISA2 lysate, the three activity bands detected in the ZmISA1 lysate 179 were again observed, and in addition a fourth band dependent on the presence of both proteins 180 was detected (Figure 2A, yellow arrow) . The data indicate that ZmISA1 and AtISA1 act 181 differently in the regard that the maize protein can provide enzyme activity on its own whereas 182 the Arabidopsis protein cannot. At this stage we checked for the putative presence of the 183 endogenous bacterial DBE protein (GlgX) that could combine to the plant enzyme for the 184 formation of an active complex. Thus NanoLC MS/MS analysis was performed on the major 185 DBE activity observed in zymogram in the ZmISA1 expressing cell-extract. Bands 186 corresponding to ZmISA1 activity were cut out of the polyacrylamide gel and submitted to in-gel 187 trypsin digestion before LC MS/MS analysis. Although peptides corresponding to the maize 188 enzyme were identified in the sample, none was detected for the GlgX enzyme ruling out the 189 possibility of heterocomplex formation. expressed and co-expressed proteins in total soluble E. coli extracts (Figure 2A ). Two 208 heteromeric activities were generated from the recombinant proteins, as had also been observed 209 for ZmISA1/ZmISA2 ( Figure 2B) . A monocot-dicot cross species mixture was also tested with 210 affinity-purified proteins, specifically titration of a constant amount of ZmISA1 with increasing 211
AtISA2. In this instance a new mobility form of ISA activity was obtained in addition to the 212 ZmISA1 homomer ( Figure 3B ). Thus, AtISA2 can constitute a single functional heteromeric 213 form with ZmISA1. Note that the ratio of ISA1 and ISA2 were chosen empirically in the unique 214 objective to get visible activity on the gel. This in vitro experiment does not necessarily 215 reproduce the physiological ratio or indicates that the physiological ratio should be three to one. 216
Further work would be needed to determine that value. These preliminary experiments 217 engendered the following in vivo experiments involving transgenic Arabidopsis lines in which 218 the endogenous ISA1 was replaced with ISA1 from maize. 219
Molecular Mass of ZmISA1 220
Availability of essentially pure, enzymatically active ZmISA1 afforded the opportunity to 221 measure the molecular mass of the complex by sedimentation equilibrium. Activity and purity of 222 freshly isolated ZmISA1 was confirmed by zymogram and SDS-PAGE (data not shown). 223
Purified enzyme at three concentrations was centrifuged at three different speeds in a Beckman 224 XL-A analytical ultracentrifuge. A 280 was measured as function of the radius, and repeated scans 225 over a three hour time period without any change confirmed the samples were at equilibrium. 226
Ultrascan Analysis software (Demeler, 2005) was used to plot equilibrium protein distribution as 227 a function of the square of the scanned radius, and the observed curves were compared to those 228 predicted for various molecular association models (Supplemental Figure S2) . The model with 229 the lowest statistical variance from the observed data was that of a single component sedimenting 230 with a molecular mass of 158 kDa, and the observed variance from the prediction for a 170 kDa 231 single component was also a good fit (Supplemental Table S1 ). Considering that the monomer 232 molecular mass of ZmISA1 is 85 kDa, the results indicate that the homomeric complex purified 233 from E. coli is a dimer. No other molecular association models fit the observed data, e.g., 234 monomer or tetramer. The quantity of leaf starch and water-soluble polysaccharide (WSP) normalized to fresh 296 weight was determined in selected transformant lines (Figure 6 ). Soluble and granular glucans 297 were extracted from mature leaves harvested at the end of a 16 h-illuminated period. Consistent 298 with previous analyses, isa1-1 and isa1-1 isa2-2 mutants accumulated less starch than wild type 299 and also contained WSP at levels approximately equal to those of the granular glucans. WSP was 300 not detected at appreciable levels in wild type leaves. Starch accumulation was fully restored in 301 an isa1-1 host expressing AtISA1 (line P6C3), and WSP accumulation was repressed to the 302 residual level typical of wild type. Starch accumulation was also restored in the isa1-1 host 303 expressing ZmISA1 (line P2D7). In that instance the starch level was significantly higher than 304 normal whereas the WSP content was negligible in this transformant line. 305
ZmISA1 supported granular starch accumulation to greater level than wild type when 306 expressed in the isa1-1 isa2-2 double mutant host, (line P4D3; Figure 6 ). This is in contrast to 307 the double mutant host expressing AtISA1, which never exhibited starch accumulation as judged 308 by iodine staining. The WSP content was insignificant in the isa1-isa2-host line expressing 309 isa1-1 and isa1-1 isa2-2 host lines that exhibited only small starch granules less than 1 µm in 327 diameter within stroma filled with WSP and surrounded by thylakoid structures. Accumulation 328 of larger starch granules was also restored when ZmISA1 was expressed in the isa1-1 mutant 329 (line P2D7). Granule size and morphology were different from the wild type, however, when 330
ZmISA1 was expressed in the isa1-1 isa2-2 double mutant background (line P4D3). In this 331 instance granules were smaller than in the wild type line but bigger than those found in the 332
Starch granule size distributions were determined by scanning electron microscopy (SEM) 334 of purified particles. The size distribution of the particles was determined by the analysis of the 335 most representative SEM pictures taken at the same scale. For each sample, up to 600 particles 336 were analyzed using the ImageJ software. To limit bias, the analysis was carried out 337 independently by two researchers on the same set of pictures. Basically, the same distributions 338 were obtained (Figure 8 ). Granules in isa1-1 host lines expressing ZmISA1 (line P2D7) were 339 larger than those of the isa1-1 mutant suggesting a complementation of the deficiency by the 340 maize enzyme. Some granules in these transformant lines were 4.5 µm or more in diameter, 341 which typically does not occur in wild type plants. In agreement with the TEM data, ZmISA1 342 transformants of the isa1-1 isa2-2 host (line P4D3) contained a heterogeneous granule size 343 population including a majority of small, rounded, irregular granules with a diameter of 1 µm or 344 less and some larger particles with an average diameter close to that of the wild type. 345 The maize ISA1 protein, when expressed in Arabidopsis leaves lacking both endogenous 362 ISA1 and ISA2, was able to support accumulation of starch to near wild type levels. However, 363 the apparent modified morphology and number per plastid of these granules as seen by TEM and 364 SEM was distinct from wild type. It is not known whether such differences were due to the 365 activity of ZmISA1 that did not function identically to the native leaf enzyme, or whether such 366 modifications were the consequence of various expression levels of the maize enzyme due to 367 ectopic integration of the transgene (or both). 368
It is not clear why the activity of ZmISA1 was not observed on the zymogram. It could be 369 that ZmISA1 expressed alone in the isa1-1 isa2-2 double mutant, and possibly organized in the 370 form of homomer if we assume that it doesn't interact with AtISA3 and AtPU1 two other DBE 371 of Arabidopsis involved in starch metabolism (Wattebled et al., 2005) , is unstable (at the 372 molecular or the activity level or both) when extracted from the Arabidopsis leaves. This could 373 explain why the phenotype of the isa1-1 isa2-2 double mutant is complemented but the ZmISA1 374 activity not seen on the zymogram. The situation is different when ZmISA1 is expressed in E. 375 coli since the activity is easily visible on zymogram. The recombinant protein could be more 376 stable in the specific context of bacterial expression (no post-translational modification for 377 example) or could be simply expressed at such higher level compared to Arabidopsis leaves that 378 the activity is visible on zymogram. 379
The CLD in the transformant was identical to wild type, so the differences in granule 380 morphology could result from altered branch placement or from higher order assemblies of 381 ISA are necessarily dimers as well. These enzymes from rice or maize endosperm consistently 448 elute later than homomultimeric ISA1 on GPC columns, so they likely have a different subunit 449 structure. Inclusion of a non-catalytic subunit, i.e., ISA2, in a multimeric structure potentially 450 could allow alternatives for the spacing of the active sites, and thus provide variability in the fine 451 structures that could be generated from a precursor glucan prior to crystallization and assumption 452 of subsequent higher order structures. Such variability in the architecture of molecules generated 453 as the result of ISA complex activity may in turn explain evolutionary selection for ISA2. 454
MATERIALS AND METHODS 455
Expression and Purification of Recombinant ISA Proteins 456
Two operon sequences that specify AtISA1 and AtISA2 or ZmISA1 and ZmISA2 were 457 synthesized chemically (GenScript, Piscataway, USA) (Supplemental Figure S1 ). The order of 458 the elements in the synthetic operons starting from the 5' end is as follows: 1) BglII restriction 459 site, 2) ATG codon, 3) ISA1 coding region beginning at the predicted N terminus, 4) HindIII 460 site, 5) stop codon, 6) ribosome binding site (i.e., the Shine-Dalgarno sequence), 7) BamHI site, 461 8) ATG codon, 9) ISA2 coding region beginning at the predicted N terminus, 10) XhoI site. ISA1 462 genes were excised from the synthetic operons as BglII/HindIII fragments and cloned into the 463 unique BglII/HindIII sites of pBE1343 immediately downstream of the ribosome binding site 464 sequence of the expression vector. In these constructs the ISA1 coding regions are followed by 465 15 codons derived from pBE1343 that specify the sequence KLAAALEHHHHHHHH, then a 466 stop codon. ISA2 genes were excised from the synthetic operons as BamHI/XhoI fragments and 467 cloned into the unique BglII/XhoI sites of pBE1343. In these instances the C terminal nucleotides 468 from the vector specify the sequence LEHHHHHHHH. For co-expression, the ISA1/ISA2 469 sequences, separated by a ribosome-binding site, were cloned as BglII/XhoI fragments into 470 pBE1343, so that the ISA1 protein is not tagged and the ISA2 protein contains an 8X His-tag. 471
For analysis of ISA activities in total E. coli extracts, expression plasmids were introduced 472 into thermocompetent E. coli BL21 DE3 cells (Invitrogen, Saint Aubin, France). Cultures 473 containing 10 mL of LB medium supplemented with 50 µg/mL kanamycin were seeded with 474 1 mL of overnight preculture and grown at 37°C with shaking to OD 600 ≈ 0.5. Expression from 475 the T7 promoter of pBE1343 was induced by addition of 1 mM IPTG and cultures were grown 476 for 4 h at 30°C. Cells were recovered by centrifugation (2,000 g, 10 min, 4°C) and the pellet was 477 suspended in 500µL of buffer (50 mM Tris-HCl, pH 7.0). Cells were lysed by pulse sonication 478 (two times for 20 s each, on ice) and the lysate was centrifuged at 25,000 g for 2 min at 4°C. 10% glycerol. ZmISA1 retained activity for up to 1 week in this storage condition, however, co-502 expressed ZmISA1/ZmISA2 was not stable upon freezing. 503
Zymogram Assays 504
Zymograms were performed either with substrate in the running gel or with electrophoretic 505 transfer to a gel impregnated with substrate. Proteins (100 μg) were loaded on a native 7.5% 506 polyacrylamide gel containing 0.3% of β-limit dextrin (Megazyme, Wicklow, Ireland) at final 507 concentration. After migration in an electric field of 15 V.cm -1 for 3 h at 4°C in separation buffer 508 (25 mM Tris, 200 mM glycine, 1 mM DTT) the gel was incubated overnight at room temperature 509 in fresh separation buffer. Glucan-modifying activities were revealed by soaking the gel in fresh 510 I 2 /KI solution. E. coli extracts for these assays were prepared as described in the previous 511 section. Arabidopsis extracts for zymogram analyses were prepared from two to three leaves 512 harvested at midday. Leaves were homogenized in 50 µL of ice-cold 50 mM Tris-HCl, pH 7.0. 513
The homogenate was centrifuged at 10,000 g for 5 min at 4°C and proteins in the supernatant 514 were quantified by Bradford assay. Zymogram analysis of recombinant proteins purified from E. 515 coli was performed as described previously using transfer to substrate gels containing 0.3% 516 solubilized starch (Kubo et al., 2010) . 517
Western Blots Analysis 518
Western blots analysis carried out on recombinant maize or Arabidopsis debranching 519 enzymes expressed in E. coli were performed as described in (Kubo et al., 2010) with antibodies 520 raised against specific peptide sequences selected from the maize enzyme sequences (Kubo et 521 al., 2010) . Note that the specific antibody rose against the ZmISA1 protein cross-reacted with the 522 AtISA1 enzyme but not the ZmISA2 specific antibody. 523
Arabidopsis thaliana Lines, Growth Conditions and Media 524
Arabidopsis thaliana lines of the Columbia ecotype were used in this study. 
Iodine Staining of Leaves 578
Leaves harvested at the end of the light period were immediately immersed in 70% 579 ethanol and heated at 70°C for 30 min with regular shaking to remove pigments. This operation 580 was repeated until bleaching was complete. Leaves were then rinsed with water, immersed in 1% 581 KI, 0.1% I 2 (I 2 /KI) until homogenous staining, rinsed again in water, and photographed. 582
Extraction and Quantification of Starch and WSP 583
Arabidopsis leaves were harvested at the end of the day, immediately frozen in liquid 584 nitrogen and stored at -80°C before extraction. Starch and WSP were extracted by the perchloric 585 acid method (Delatte et al., 2005) adapted as follows: about 1 g of leaves was homogenized with 586 a polytron blender in 5.5 mL of 0.7 M perchloric acid. The crude lysate was centrifuged at 587 10,000 g for 10 min at 4°C to separate the pellet, which contains starch, and the supernatant that 588 contains WSP. The pellet was rinsed three times with sterile deionized water. An aliquot was 589 collected for glucan assay (described hereafter) and the rest of the sample was treated to further 590 purify the starch. To this end, the pellet was resuspended in sterile deionized water and filtered 591 through two layers of Miracloth (Calbiochem, Darmstadt, Germany). The starch pellet was 592 further purified by isopicnic centrifugation in Percoll (GE Healthcare, Velizy-Villacoublay, 593
France) at 10,000 g for 1 h at 4°C. The pellet was rinsed twice with sterile deionized water and 594 stored in 20% ethanol at 4°C until use. France). The samples were then separated by online reversed-phase chromatography using a 614
Thermo Scientific Proxeon Easy-nLC system equipped with a Proxeon trap column (100 μm ID 615 x 2 cm, Thermo Scientific) and C18 packed tip column (100 μm ID x 10 cm, Thermo Scientific). 616
Elution was carried out using an increasing gradient of AcN (5% to 30% over 110 minutes) and a 617 flow rate of 300 nL/min. A voltage of 1.6 kV was applied to the needle of the nanospray source. 618
The chromatography system was coupled to a Thermo Scientific LTQ Orbitrap XL mass 619 spectrometer programmed to acquire in data dependent mode. The survey scans were acquired in 620 the Orbitrap mass analyzer operated at 60 000 (FWHM) resolving power. A mass range of 300 to 621 1600 m/z and a target of 1E6 ions were used for the survey scans. Precursor ions observed with 622 an intensity over 500 counts were selected "on the fly" for ion trap collision-induced dissociation 623 (CID) fragmentation with an isolation window of 4 a.m.u. and a normalized collision energy of 624 35%. A target of 5000 ions and a maximum injection time of 200 ms were used for MS 2 spectra. 625
The method was set to analyze the top 10 most intense ions from the survey scan and a dynamic 626 exclusion was enabled for 60s. 627
Starch Chain Length Distribution 628
Debranching reactions and starch CLD determination by HPAEC-PAD using a PA200 629
CarboPac column (Dionex, Courtaboeuf, France) were performed according to the procedure 630 described previously (Roussel et al., 2013) . 631
Transmission and Scanning Electron Microscopy 632
Arabidopsis or maize leaves harvested at the end of the light period of the diurnal cycle 633
were cut with a fresh razor blade into small pieces a few millimetres on edge and immediately 634 immersed in fixative (0.1 M cacodylate, pH 7.2, 2% paraformaldehyde, 2% glutaraldehyde). 635
Vacuum was applied for 30 min. Leaf samples were embedded in Spurr's resin, then postfixed 636 with 1% osmium tetroxide, sectioned to a thickness of 80 nm, affixed to grids and stained with 637 25 uranyl acetate and lead citrate. Transmission electron microscopy (TEM) observation was 638 performed with a Jeol 2100 microscope operating at 200 kV. 639
Scanning electron microscopy (SEM) was performed as follows: droplets of starch granule 640 suspensions were allowed to dry on freshly cleaved mica. After coating with Au/Pd, they were 641 observed in secondary electron mode using a Jeol JSM6300 microscope operating at 8 kV. Size-642 distribution histograms were determined by measuring the apparent diameter of 600 particles per 643 sample from the SEM images, using the ImageJ software. 644
Sedimentation Equilibrium 645
ZmISA1 was expressed in E. coli and purified as described by Ni 
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